A new observation method was developed for visualizing microstructure on a chemical mechanically polished (CMP) surface for tempered martensite of JIS-SCM440, a medium-carbon steel.
Introduction
Tempered lath martensite has a multi-scale structure consisting of, in descending order of size, prior austenite () grains, packets, blocks, laths and precipitates. 1, 2) Prior grain boundaries, packet boundaries and block boundaries are high-misorientation-angle boundaries, and lath boundaries are low-misorientation-angle boundaries. Medium-or high-content carbon steels have extremely small blocks. 2, 3) It is difficult to discriminate structural components smaller than blocks using optical or scanning electron microscopy (SEM) on a chemical-etched surface.
The authors showed that blocks and precipitates in tempered martensite microstructure can be successfully visualized by observing the electropolished (EP) surface of a medium-carbon low-alloy steel with an atomic force microscope (AFM). 4) An AFM with high vertical resolution proved able to discriminate minute level differences below 10 nm among the blocks and precipitates on the EP surface, formed by differences in the rate of electropolishing, which depends on the crystal orientation and phase on the surface. Moreover, the authors also successfully identified prior grain boundaries on the EP surface by superimposing an AFM image of the EP surface and an AFM image of the same area after it had been treated by prior grain boundary etching. [5] [6] [7] In this study, new methods for observing tempered martensite microstructure are reported, including those that use EP treatment, which were reported in our previous papers, [4] [5] [6] [7] and those that use chemical mechanical polishing (CMP), a technique used to smooth the surfaces of silicon wafers and other semiconductor materials, 8) and is a commonly used method for smoothing silicon surfaces to the atomic level without introducing the strain of polishing to the surface. This CMP technique was applied to treat the surface of the tempered martensite microstructure of medium-carbon steel covered with cementite (Fe 3 C) precipitates. To examine the effectiveness of these treatments, the EP and CMP surfaces were observed under an AFM. Secondary electron images and backscattered electron images of the surfaces were obtained using a field-emission-type scanning electron microscope (FE-SEM), and electron backscattered patterns (EBSP) were measured. The EBSP mappings had been obtained for microstructures of low-carbon steels 9, 10) and misorientation angle distributions have been under discussion in detail. However, for the tempered martensite of medium-carbon steel, it has been particularly hard to obtain the EBSP mapping, since the structure is very fine and covered with cementite precipitates.
Experimental Procedure

Specimen
The specimen was JIS-SCM440, a medium-carbon lowalloy steel (mass%: 0.40% C, 0.24% Si, 0.81% Mn, 1.03% Cr, and 0.16% Mo) with the same chemical compositions and subjected to the same thermal treatment conditions as those used in the previous paper. 4, 5) The specimen used for thermal treatment was a bar 12 mm in diameter and 80 mm in length. The bar was austenized at 1153 K for 2.7 ks and then oil-quenched to form the lath martensite microstructure. To acquire a sufficient amount of cementite precipitation, the specimen was tempered at 723 K for 5.4 ks and cooled in water.
Optical microscopic images of the surface etched with 3% nital and an aqueous solution of picric acid are shown in Figs. 1(a) and (b), respectively.
4) The contrast shown in (a), which was produced by nital etching, corresponds to the various boundaries. However, it was difficult to identify structural components that were smaller than blocks. In (b), only the prior grain boundaries were selectively corroded. The nominal grain size of a prior grain is 17 mm. A transmission electron microscopic (TEM) image is shown in Fig. 2 , which shows lath martensite structure formation. 4) The tensile strength of the specimen was 1400 MPa, and the Vickers hardness Hv (load of 490 N) was 430.
Surface preparation
Specimens for microscopic observations were prepared by excising 7-mm long, 5-mm wide and 2-mm thick rectangular plates from the bar such that the observation surfaces were along the bar axis. The observation surfaces were polished to mirror finish using diamond particles 1 mm in diameter and were then treated with the following methods.
Electropolishing (EP)
The solvent used for electropolishing consisted of 8 vol% perchloric acid, 10 vol% butoxyethanol, 70 vol% ethanol and 12 vol% distilled water. EP was conducted at 273 K at a voltage of 40 V for 10 s.
Chemical mechanical polishing (CMP)
Specimens were immersed in 500 cm 3 of an aqueous solution that contained 200 g of silica micro-powder in a container with an abrasive cloth attached to the bottom. The pressure between the specimen and the abrasive disk was set at about 10 kPa, and the abrasive disk was slowly rotated at 1 rps. The optimum duration was 1.8 ks. A shorter duration resulted in unevenness remaining on the surface. The smoothing of single-crystal materials such as semiconductors depends only on time, with the correct duration of processing creating the required smooth surfaces. However, the surfaces of martensitic steels corrode if polished for too long.
After Treatments (1) or (2), the specimens were ultrasonically cleaned in ethanol.
Observation method 2.3.1 Atomic force microscopy
AFM has atomic-level vertical resolution and can measure heights quantitatively. [11] [12] [13] AFM observations were conducted in the atmosphere in tapping mode at 300 kHz resonance frequency and a scanning rate of 0.3 Hz. The maximum scanning range of the scanner used was 90 mm lengthwise and 5 mm heightwise. The cantilever was made of silicon and was designed to have a spring constant of 20 N/ m, resonance frequency of 300 kHz, and probe tip diameter of 5-10 nm. 2.3.2 FE-secondary electron and backscattered electron microscopy Secondary electron images were used to analyze the forms of unevenness on specimen surface, since contrast mainly results from the surface configuration. 14) On the other hand, backscattered electron images show contrast formed by chemical composition, crystal misorientation and surface unevenness of the specimen, and are mainly used to emphasize the differences in contrast attributable to differences in chemical composition or crystal misorientation. 14) FE-secondary electron and backscattered electron images were obtained at a working distance of 7 mm. The acceleration voltage was set low, at 5 kV, to obtain clear images of the microstructure on the specimen surface by reducing the depth of electron penetration.
14)
2.3.3 EBSP measurement EBSP identifies crystal orientation by analyzing the pattern of Kikuchi lines obtained from backscattered electrons. 15) Thus, the observed surface must be smooth and free of polishing-induced strain. In EBSP measurements, observation surfaces are usually inclined 70 to the incident angle of electrons to increase the yield of backscattered electrons at the detectors.
In this experiment, an FE-type electron gun was used. The measurement area was about 20 mm Â 20 mm, and the measurement intervals were 0.04 mm.
Results and Discussion
AFM observation of microstructure
An AFM image of the EP surface and its cross-sectional profile (height indication: AE50 nm) is shown in Fig. 3 . The black and white contrast in the image shows the level differences on the surface attributable to differences in crystal orientation. Therefore, each strip of uniform brightness corresponds to a martensite block that has a high-misorientation-angle boundary. Cementite particles, which project out from the martensite matrix, are shown as white spots. High-misorientation-angle boundaries act as preferential sites for precipitation, and are thus densely covered with cementite particles. As shown in the cross-sectional profile, the level difference on the surface was a maximum of only 50 nm. Thus, an AFM, which has high vertical resolution, is ideal for identifying cementite particles and high-angle block boundaries on the EP surface, which have small level differences.
An AFM image of the CMP surface and its cross-sectional profile (height indication: AE50 nm) are shown in Fig. 4 . The height indication is the same as that in Fig. 3 . The CMP treatment produced a very smooth surface with level differences smaller than 10 nm. Polishing residues are shown as white particles. Except for these, the largest level difference was 1/5 smaller than that in the EP surface. The contrast in the AFM image shows only the unevenness attributable to imperfect CMP treatment, so the unevenness does not reflect the martensite microstructure. This highly smooth CMP surface was very useful for obtaining the FE-backscattered electron image observations and EBSP measurements described in the following section.
FE-SEM observation of microstructure
An FE-secondary electron and a backscattered electron image of the EP surface are shown in Figs. 5 and 6, respectively. The secondary electron image shows stripes of uniform brightness corresponding to blocks. Cementite particles projecting from the martensite matrix are shown as white spots. Dense precipitations of cementite particles can be observed on boundaries. Thus, the FE-secondary electron image provided similar information to that of the AFM image. In other words, structural analysis that involves observation of unevenness on the EP surface can be similarly performed using an FE-secondary electron image or an AFM image.
On the other hand, the backscattered electron images of the EP surface show both the contrast types characteristic of crystal misorientation and surface unevenness. Thus, the two sets of information cannot be discriminated in the backscattered electron image of the EP surface, and so almost no beneficial information was obtained.
An FE-secondary electron image and backscattered electron image of the CMP surface are shown in Figs. 7 and 8 , respectively. Since the CMP surface is smooth, their backscattered electron images were expected to clearly show the crystal misorientation. As expected, the image in Fig. 8 was very different from the backscattered electron image of the EP surface (Fig. 6) , which showed unevenness of the surface, and was rather similar to the TEM image in Fig. 2 , which showed lath structures. Laths can be observed in backscattered electron images of the CMP surface. CMP treatment is easier than preparing thin film specimens for TEM, and CMP specimens are easier to handle than TEM specimens. Moreover, the range that can be observed is larger in CMP specimens than in TEM specimens.
On the other hand, if a secondary electron image reflects only the morphology of the surface, it should look the same as the AFM image (Fig. 4) . Indeed, secondary electron images of average contrast were very similar to the AFM images. However, when the contrast was boosted to maximum (Fig. 7) , the secondary electron image became very similar to its corresponding backscattered electron image. This was likely because the CMP surface was very smooth and the secondary electron image emphasized only the backscattered electron components, which depend on crystal misorientation.
EBSP measurement
EBSP mappings of the EP and CMP surfaces are shown in Figs. 9 and 10, respectively. Crystal orientations are shown as colored regions. The high smoothness of the CMP surface considerably assisted the EBSP measurement, and crystal orientation could be analyzed over larger regions of the CMP surface than in the EP surface. This was likely because the rate of incident electrons blocked by cementite particles and level differences among blocks was smaller in the CMP surface than in the EP surface, since the surfaces were inclined 70 . In the mappings, regions that were uniform in color and have high-angle boundaries not smaller than 15 in misorientation were blocks. Patterns probably attributable to cementite particles were observed in many blocks. Thus, laths, which have low-misorientation-angle boundaries not larger than 3 , could not be identified in the blocks. For future EBSP measurements of tempered martensite structures of medium-carbon steel, smoother CMP surfaces should be prepared to enable expansion of their measurable range and identification of laths.
Finally, combining EP and CMP surfaces provides several advantages. Blocks and cementite particles can be discriminated in FE-secondary electron images as well as in AFM images of the EP surfaces. Observation of smooth CMP surfaces enables clear discrimination of blocks by orientation analysis using EBSP. FE-backscattered electron images of CMP surfaces can visualize laths. These observation methods, surface treatment methods, and targets of observation are summarized in Table 1 . Selection of appropriate combinations will enable multi-scale structures of tempered martensite to be analyzed. 
Conclusions
AFM images, FE-secondary and backscattered electron images, and EBSP mappings were obtained for the EP and CMP surfaces of the tempered martensite microstructure of JIS-SCM440 medium-carbon low-alloy steel.
Our resultant conclusions are: (1) AFM images, which reflect surface unevenness, and FE-secondary electron images are appropriate for identifying cementite particles and blocks on the EP surface. However, backscattered electron images, which reflect both the crystal misorientation states and surface unevenness, provide no beneficial information on the EP surface. could be identified. However, laths with low-misorientation-angle boundaries up to 3 in the blocks could not be identified.
